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Abstract—A new protocol for the high yield synthesis of interlocked molecules is described. Palladium(II) complex including a 2,6-
pyridinedicarboxamide-based tridentate macrocycle 2 was allowed to react with a 2,6-disubstituted pyridine derivative bearing two
hydroxyl groups at both termini 3b to yield the corresponding Pd(IT) complex 4b quantitatively. An acid catalyzed end-capping of 4b
with a bulky isocyanate gave Pd(II) complex Sb in 96% yield, which was treated with carbon monoxide to afford [2]rotaxane 6b

quantitatively.
© 2004 Elsevier Ltd. All rights reserved.

In 1983, Sauvage and Dietrich-Buchecker’s pioneering
work on transition metal-templated synthesis of caten-
ane! opened a new field for interlocked architectures
such as catenanes, rotaxanes, and knots.? Their protocol
relies on the preferred tetrahedral geometry of Cu(I)-
phenanthroline complexes to create interlocked sys-
tems.? Since the development, several methods for ‘di-
rected’ synthesis of interlocked molecules have been
reported to date, including the utilization of n-stacking
interaction and hydrogen-bonding interaction.* The
components of catenates or rotaxanates are locked by
their metal centers in fixed positions that can be even
controlled by some external stimuli, whereas those of
interlocked molecules assembled by hydrogen-bonding
interaction or m-stacking interaction exhibit a continu-
ous range of dynamic properties. Hence, the interlocked
molecules assembled by transition metal templates are
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attractive particularly from viewpoints of the control
over relative motion of their components such as ‘shut-
tling’ and ‘rotation’, which could be applied to molecular
devices.’

We developed previously a series of N-heterocyclic
multidentate podand ligands for transition metal com-
plex catalysts in oxygenation with molecular oxygen®
and found that palladium(II) complexes having 2,6-
pyridinedicarboxamide-based tridentate ligands under-
went the complexation with quinonediimines and modu-
lated their redox properties.” In these palladium(II)
complexes, the 2,6-pyridinedicarboxamide-based triden-
tate ligands and quinonediimines are organized into a
mutually orthogonal orientation, and provide one coor-
dination site available. We report herein a novel inter-
locked motif consisting of palladium(II) complexes
having 2,6-pyridinedicarboxamide-based tridentate
macrocyclic ligand and its application to rotaxane
synthesis.®?

Macrocycle 1'° was treated with palladium(II) acetate in
acetonitrile at room temperature for 3h to afford the
corresponding palladium(II) complex 2 in 86% yield
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Scheme 1. Synthesis of Pd(II) complex 4.

(Scheme 1). Compound 2 was allowed to react with 3,5-
diethynylpyridine 3a'! in dichloromethane at room tem-
perature for 3h to yield Pd(II) complex 4a quantita-
tively. 2,6-Bis(3-hydroxy-1-propynyl)pyridine 3b!? and
3,5-bis(3-hydroxy-1-propynyl)pyridine  3¢'® afforded
quantltatlvely the correspondlng Pd(II) complexes 4b
and 4c, respectively. The 'H NMR and FAB-mass
spectra were consistent with their structures. The 'H
NMR spectra of palladium(II)-containing macrocycle
2, 3,5-diethynylpyridine 3a, and Pd(II) complex 4a are
shown in Figure 1. Upon complexation, the signals of
the aromatic protons of 3,5-diethynylpyridine (¢ and f)
showed considerable upfield shifts (ca. 1ppm and ca.
0.3ppm for e and f, respectively). These upfield shifts
in "H NMR are attributed to the shielding effect of the
p-phenylene groups in 2. Similarly, the signals of the
p-phenylene protons of macrocycle 2 exhibited upfield
shifts (ca. 0.6 and 0.3ppm for ¢ and d, respectively).
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These results suggest that the pyridine ring in the axle
and the p-phenylene groups in the macrocycle moiety
are arranged in close proximity.

Single crystals of 4a suitable for investigation by X-ray
crystallography were obtained from chloroform/n-hex-
ane. The X-ray crystallographic analysis of a single crys-
tal of 4a revealed its interlocked structure, as shown in
Figure 2.'* The central palladium metal adopted a
square-planar geometry, which is similar to that of pal-
ladium(IT) complex having a pyridine-2,6-dicarbox-
amide-based podand.” It is suggested that the pyridine
ring of the axle n-stacks with the two p-phenylene units.
This m-stacking is consistent with the upfield shifts of
their "H NMR signals.

4-Tris(4-t-butylphenyl)methylphenyl group was chosen
as the end-capping group by CPK model inspection.
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Figure 1. '"H NMR spectra (500 MHz, 298K) of (a) 2 in CDCI3/CD5;CN (70/30), (b) 3a in CDCl;, and (c) 4a in CDCl;.
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Figure 2. (a) Top view and (b) side view of the X-ray crystal structure
of Pd(II) complex 4a. Thermal ellipsoids are scaled to the 50%
probability level. Selected bond lengths (A): Pd-N1 1.957, Pd-N2
2.031, Pd-N3 2.024, Pd—N4 2.052; ligand bite angles (deg): N1-Pd—N2
80.50, N2-Pd-N3 160.6, N3-Pd-N4 98.20, N4-Pd-N1 174.7. d,, d,
(A): 3.297, 3.463.

4-Tris(4-t-butylphenyl)methylphenyl isocyanate'> re-
acted with 4b in the presence of di-n-butyltin dilaurate
in dichloromethane at room temperature for 20h
(Scheme 2).'® The corresponding Pd(II) complex 5b
was obtained in 96% yield after chromatographic purifi-
cation of the reaction mixture. On the other hand, 5S¢
was obtained in 89% yield by acid-catalyzed reaction
of 4¢ with the isocyanate. However, Pd(II) complex Sc¢
did not have interlocked structure, that is, the pyridine
of its dumbbell unit coordinates to its macrocyclic Pd
complex unit from outside of the macrocyclic plane.
This was confirmed by demetallation experiments de-

scribed below. The 'H NMR, IR, and FAB-mass spec-
tra of Sb and 5c¢ were in good agreement with their
structures.

In an attempt to remove the palladium(II) ion, Sb was
subjected to catalytic hydrogenation by use of 5% palla-
dium on charcoal, hydrolysis in acetonitrile/water in the
presence of triethylamine, and hydrolysis in 0.8M
hydrochloric acid. However, any reaction gave no 6b
but only a complicated reaction mixture. Demetallation
of 5b was achieved by treatment with carbon monoxide
(50atm) in methanol at 80°C for 3h to afford rotaxane
6b quantitatively (Scheme 3). The structure of 6b was
confirmed by '"H NMR, IR, and FAB-mass spectrosco-
pies.!”>!8 On the other hand, demetallation of 5¢ gave an
equimolar mixture of macrocycle 1 and its dumbbell 7
quantitatively. This unambiguously indicates that 5c
adopts a side-on coordination structure instead of the
interlocked structure like 5b.

In summary, a new interlocked motif was designed
based on the palladium complexes having 2,6-pyridine-
dicarboxamide-containing tridentate macrocyclic lig-
and. Three Pd(II) complexes 4a—c were synthesized
quantitatively. Metal-free rotaxane 6b was synthesized
in a high yield by use of the present interlocked motif.
This motif is applicable to the synthesis of other
metal-based interlocked molecules such as catenanes
and knots, which is ongoing in our group.
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Scheme 3. Demetallation of Pd(IT) complexes 5b and 5c.
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endcap), 7.03 (d, J=8.8Hz, ArH of endcap), 6.78 (d,
J=8.8Hz, 4H, p-C¢H,4 of wheel), 6.45 (d, J = 8.8 Hz, 4H,
p-C¢Hy of wheel), 4.59 (s, 4H, CCCH; of dumbbell), 4.46
(d, J=6.0Hz, 4H, CH,N of wheel), 3.93 (br s, 4H, OCH,
of wheel), 3.73 (br s, 4H, OCH, of wheel), 3.65 (br s, 8H,
OCH, of wheel), 1.29 (s, 54H, t-Bu); FT-IR (KBr) v 3333,
3273, 1732, 1663, 1608, 1536, 1511, 1446, 1362, 1321, 1216,
1072, 823, 754cm™'; FAB-MS (mNBA matrix): m/z:
1783.3 [M+2H]; elemental analysis (%) caled for
C116H128N6011'(H20)3'0 (183634) C, 75.87; H, 7.36; N,
4.58; found: C, 75.60; H, 7.44; N, 4.41.

No peak splitting of the 'H NMR spectrum was observed
for all the signals down to —50°C. This indicates that the
macrocyclic component moves along the dumbbell com-
ponent with a high degree of freedom.
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